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I. INTRODUCTION 

During the l a s t  quar te r ,  further analytical work has  been done con- 
cerning the effects of the non-linear heat t ransfer  character is t ic  of helium 
on the terminal  character is t ics  of a composite conductor. In Section 11, the 
one dimensional model discussed in the second quarter ly  report1 is completed; 
it is shown from this that a bet ter  model of the heat t ransfer  charac te r i s t ics  
is needed to  obtain resul ts  that agree with experiment. 
troduced, and a complete solution to the one dimensional problem is given in 
Section 111. 

This model is in- 

Many experiments have been car r ied  out on both short  samples  and a 
la rge  coil. 
with the one dimensional theory. The data f rom the la rge  coil shows two and 
three  dimensional effects that a r e  reasonably easy  to understand and helps 
suggest a proper  model for which two and three  dimensional solutions should 
be obtained. 

Section IV deals with the resu l t s  and a comparison of these resu l t s  

In past  analyses ,  we have assumed that the current  in the supercon- 
ductor is jus t  the cr i t ical  cu r ren t  at  the composite conductor temperature .  
Recent experimental  evidence2 shows that this is not exactly the case;  thus 
a m o r e  sophisticated model of the superconductor i s  introduced in Section V .  
It is shown, by comparison with experiment, that the fo rmer  model of the 
superconductor i s  sufficient to explain experimental results; even though the 
la t te r  model is "more correct .  I t  

Finally, an e r r a t a  i s  included to  co r rec t  some small e r r o r s  in the 
Fir st Qua r t e  r ly  Rep0 rt . 

Note: 

Throughout this  report  we will re fe r  to: 

1. 
2. 
3 .  

The F i r s t  Quarterly P rogres s  Report3 a s  1st QPR 
The Second Quarterly P rogres s  Report' a s  2nd QPR 
The Third Quarterly P rogres s  Report as  3rd QPR 



11. COMPOSITE SUPERCONDUCTOR BEHAVIOR INCLUDING 
TEMPERATURE GRADIENTS ALONG WITH CONDUCTOR AND 

INCORPORATING THE NON-LINEAR HEAT TRANSFER 
CHARACTERISTIC USED IN 2nd QPR 

In the 2nd QPR a one dimensional solution i s  obtained assuming the 
heat t r ans fe r  character is t ic  of helium to be approximated by the curve shown 
in Fig. 1. 
origin of an infinitely long r’wire’’.  
so  that the temperature  over any given c r o s s  section, normal  to  the cur ren t  
flow, i s  uniform. Thus,  the heat flow inside the conductor is one dimensional 
and in the same direction (paral le l  o r  anti-parallel)  a s  the cur ren t  flow. 

This solution i s  to  the problem of an  external heat input a t  the 
The wire i s  assumed to  be thin enough 

A solution i s  obtained for the assumptions: 1) 1 - T> 8, and 2) the 
non-dimensional temperature  a t  the origin eo i s  - l e s s  than one,  s o  that the 
cur ren t  i s  shared between the substrate and superconductor a t  the origin. 
we do not make the assumption that em= Qm a s  on page 19 of the 2nd QPR, 
we find that: 

If 
- 

L 
i) If a T > Qm, then a sudden take off in voltage i s  obtained a s  the 

heat input to  the origin i s  increased. 
1 and 2 above a r e  satisfied; t h u s ,  the solution is valid. 

2 

At the take-off heat input, assumption 

a t  the calculated take-off heat input, the non-dimensional ii) If a T : Q, 
temperature  at the origin i s  g rea te r  than one. 
valid. We conclude, then, that for  eo l e s s  than one, take off can not occur 
when a T~ Qm. 

Thus, assumption 2 i s  not 

It i s  now necessary  to find the solution for  the case  that 8 ,  > 1,then 
a t  the origin a l l  the cur ren t  i s  in the substrate .  

This solution will answer the questions: 1) when a T~ > Q 
any hys te res i s  or  a t  take off does the voltage go to  infinity? 2) *en a T 
does the conductor ever  reach a “take-off” condition a s  the heat input a t  the 
origin is increased? 

i s  there  
< Qm 

The case  to  be solved is  shown in Fig. 2 (This  i s  the same a s  i s  shown 
in Fig. 4 of the 2nd QPR). * 

The equations to  be satisfied in the various regions a r e :  

.I, .,. . 
Note that the nomenclature has  been changed somewhat. 
Ax is the length of the shared region. 
Ax i s  the distance f r o m  the origin to the end of the shared region. 

In the 2nd QPR 
We will adopt the convention that 



Fig .  1 

SLOPE = h 
AT 

NOTATION 

Tm -TB 

OR IN NON-DIMENSIONAL 

k---- T71 

8 

The f i r s t  non-linear model for  the heat t ransfer  charac te r i s t ics  
of liquid helium 
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b N O R M A L - S H A R E D d N  SUPERCONDUCTING 

8 0  'I e =  I e= I-T e=em 

Fig.  2 A schematic  of the regions present  when 8 (0) > 1 for a com- 
posite super  conductor 
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REGION 

0 < 5 < 5 ,  

5 ' 5, 

SHARING CONDITION EQUATION 

f =  1 

O < f < l  

f = o  

f = o  

2 
e - Q m t  a r  ( 7 - 1 t 0 )  = 0 

d c 2  (2) 

- - Q  d 2 e  = O  
m 

d 5  

(4) 

where we a s s u m e  1 - r > em. 

The pa rame te r s  8 ,  Q,, a, r ,  f ,  E, have been defined in the 1s t  and 2nd QPR. 
The solutions to  these equations a r e :  

(7) 
2 

A5 < 5 < 5,Y 8 = 1/2 Qm 5 t C5 E, t C6 

The boundary conditions a r e :  

i ) 0 - 0  a s 5 - W  

d e  - 
t = O  - -Qhl  ii) 

has  been defined in the 2nd QPR 
Qh 1 d e  

The boundary conditions completely determine the constants C1 th ru  C8 as  
well  as the lengths g l y  AE, and 5,. 

iii) 0 and - are  continuous at 5 = c l l  A t ,  5,. 
d5 
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a 

2 

4. 

The constants a r e  determined". to be: 

C1 = - Qhl 

c 2  = 1 - 1/2 (Qm - ar ) c ,  2 2  ' *hl  ( 1  

- Qm sin f i  AS - - Qm 4 4  cos d G  A( 
f i  Q, Qm 

c 3 - - z  

2 2 

( 1  - r - 8 m ) s i n G  AS - -  Qm cos f i  AS 
a r  

2+- 
Qm 

-- 

C7 = em e Em 

C g =  0 

The non-dimensional lengths a r e  determined by the following equations: 

2 2  

7+- 
a r  d\ja7 Qm Qm 

m -  Qm 4 e m  (1-7-8,) sin f i ( A C - C l )  
Q 

7 - - - -  

- 
cos  d a  r (AS - 6 , )  Qrn - -  

a r  

( 9 )  

J. -8- 

Note: 
boundary conditions a r e  used to determine them; however, in any specific 
case the numerical  values of the constants a r e  independent of the boundary 
conditions used, a s  they should be. 

The algebraic  form of the constants depends upon which of the eleven 
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* h l T - I ?  - 

8 

QmL "rn 2 t 2 Q m ( l - 7 - 8 m )  (13) 

since the length of the shared region ( A S  - t i ) ,  is independent of the length 

of the normal  region, dV . Now - ( V  i s  the conductor voltage) must  be 
$1 dQhl 
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positive and finite for stable operation to  occur and consequently 

51 must  be positive. Then- must  be positive and dQhl = Qhl 
d V  d c 1  * d V  
-- 

61 

finite since d c l /dVis  always positive. Thus if 

2 
1) Q, > a T stable operation always occurs  independent of how 

much heat i s  added a t  the origin. 

2 
2) Qm < a T the voltage takes  off a t  a value given by Eq. (13) and 

it goes to  infinity. 

We conclude then, that with this  model of the heat t r ans fe r  character is t ic ,  
the wire  i s  either stable or  unstable with NO HYSTERESIS REGION between. 

Experimentally a region of hys te res i s  is  always observed; so we 
m u s t  choose a model for  the heat t ransfer  character is t ic  which corresponds 
m o r e  closely to the r ea l  case.  
in Fig. 3. 

We choose that character is t ic  to  be a s  shown 

- 9 -  



Tm - Ts TF 'TB AT 

OR IN NON-DIMENSIONAL FORM 

Q A  

hr 2 SLOPE=- = I  h 

I 
I 

SLOPE = I  
,' I 

Qrn 

ern 8, 8 

Fig. 3 Second non-linear model for the heat t ransfer  charac te r i s t ic  
of liquid helium 
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111. COMPOSITE SUPERCONDUCTOR BEHAVIOR INCLUDING 
TEMPERATURE GRADIENTS ALONG THE CONDUCTOR AND 

CHA RAC T E RIS TIC 
INCORPORATING A NEW NON-LINEAR HEAT TRANSFER 

The heat t ransfer  character is t ic  that we will now use i s  shown in 

We have in- 
Fig. 3 .  This will be called the 2nd non-linear character is t ic .  The one used 
previously will be called the 1st  non-linear character is t ic .  
troduced some new parameters  which a r e :  

= the temperature  at which the heat t ransfer  character is t ic  
begins to r i s e  again. TF 

= Slope of the second r i s e  in the heat t ransfer  character is t ic .  r h 

2 -  - - -  hr - ratio of the second slope to the initial slope. 
h r 

F r o m  the actual measured heat t ransfer  charac te r i s t ics  we find that 
2 TF > Tc for Nb-Ti o r  Nb-Zr and that r < 1. 

t r ans fe r  character is t ic  i s  a lso shown in Fig. 3 a s  a dotted line. 
For  comparison an actual heat 

In the following analysis we will again use the same reduced variables 
a s  in the 1st and 2nd QPR. The only new variables  introduced a r e :  

TF - TB e =  F TC - TB 

r - - -  hr (defined above) h 

and sF = length of normal region whose temperature  i s  g rea te r  than TF. 
Again we find the solution for the case  1 - 7 > 8,. Thus,  we have that 

'm < 1 - T < 1 < eF. 
In Fig. 4,  the sequence of events a s  the heat input to the origin i s  

increased f rom zero i s  shown. 
of those already worked out and the one to  be worked out applies,  and in 
which report  that solution i s  discussed. 

We indicate with each example which solution 

The case  in Fig. 4 that remains unsolved is that shown in 4e. The 
solution follows. 

The equations for  the non-dimensional temperature  that need to be 
solved a r e :  

-11- 



(C) 

- X  
eo< ern ALL SUPERCONDUCTING 

SOLUTION : CONSTANT h ( I st QPR) '*qhi f 
ern<@,,< I -T Om ALL SUPERCONDUCTING 

- .. 
fc-xrn-  

/2qhi *FILM B O I L 4  - NUCLEATE BOIL 
SOLUTION : 1st NON -LINEAR CHARACTERISTIC (2nd QPR) 

- ,. 
l2qhi  

-FILM BOIL- NUCLEATE BOIL - 
SOLUTION : I st NON-LINEAR CHARACTERISTIC (2nd QPRl 

IcNORMAL+SHARED--d- SUPERCONDUCT1 NG- 

t b X  
i<eo<eF I I-r ern 

e x -  - Xm- 
'2q hi 

-FILM BOIL- NUCLEATE BOIL+ 
SOLUTION : 1st NON -LINEAR CHARACTERISTIC (3rdQPR) 

tc-- N O R M A L F S H A R E D 4  SUPERCONDUCTING- 

I I I I D X  
eO>eF OF I I-T ern 

XF- 
/2qhl XI- 

-AX- 
b 
-FILM BOIL- BOIL xrnp N U C L E A T L  

SOLUTION: 2nd  NON LINEAR CHARACTERISTIC (3rdQPR) 

Fig. 4a 

4b 

4 c  

4d 

4e 

Conductor cooled entirely by nucleate boiling 

Conductor cooled partially by nucleate boiling and 
partially by film boiling 

Cooling af ter  the onset of res i s tance  but before all of the 
current  t ransfers  into the substrate  a t  the origin 

Cooling when all the cur ren t  is in the substrate  at  the 

origin but 8 o <'F 
Cooling when 8 0°F 

t 
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EQUATION 
7 

SHARING CONDITION REGION 

6, 0 < g :  f =  1 

7 

f =  1 

O < f < l  

f = O  

5 ’ 5, f = O  

2 2 a r  - Q m t  r 8, 

r 

The solutions to  these equations a r e :  

e = C sinh r t C2 cosh r 5 t 2 (19) 0 < 5  < 5, a 1 

5 e = c9 e-5 t CIOe 

Again the boundary conditions a r e :  

i) 8 - 0  a s  5 - 03 

iii) 8 and - d e  a r e  continuous a t  5 = E,, C 1 )  ACT 5,. 
d5 

-13- 



These  conditions a r e  sufficient t o  determine a l l  the constants in the solutions 
and the lengths tF,  C l ,  A 5 ,  and 5,. 

The constants determined f rom the boundary conditions a r e :  

2 
Q m - a r  

sinh r f, +2 
- Qhl  

- r r 

F cosh r 6 c2 = 

3 2 
t 2 Q  ( l - e m ) - a r  + ( a 7  - Q m ) c l  m 

2 3 

c3 = -  

f l  t 2 Q  ( l - e m ) - a r  m m C4 = 1 t 1 / 2 ( Q  - a r  ) 6,  m 

2 L 

t- ( 1  - r - Om) cos 6 A t  c = - -  Q m sin AE - - ~ r n  d e m  
2 

a r  d a 7  Qm Qm 
5 

Qm cos 6 A5 2+- ( 1  - r - em) sin d a r  Af - - 
Qm Qm a r  

- 2 

- 2 
- ( e  + Qm 5,) 5, - 1/2 Qm 5, -t em ‘8 m 

Cg - - e r n e  gm 

c l 0 =  0 

The lengths cF, t , ,  A g ,  f m  a r e  determined using the following equations: 

t - A5 ,= - - m e 

Qrn 
f m  

, 
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L 3 
t 2 Q m ( e F  - em) - 2 a 7  (eF - 1) - a~ 

t 

r tanh 26, = 
r 

Qh 1 cosh r e F - ( -  

Note that Eqs.  ( 24), (25) a r e  identical with ( 9 ) ,  ( 10) of this  s ame  
report .  Everything previously said about Eqs.  ( 9 ) ,  (10) applies h e r e  also.  
The length ( e1  - 5 ~ )  given by Eq. (26 )  does not depend on the heat input Qhl .  
Only the length S F  depends on Qh 1. Equation ( 2 7 )  has a r ea l  solution only 
if the quantity under the radical is g rea t e r  than zero.  Thus the pa rame te r s  
must  satisfy the condition: 

2 This condition is  always satisfied if Q m > a  r 2 ,  and is  satisfied if a 7 
not too much grea te r  than Qm. 

i s  

If e i ther  Eq. (13) o r  (28) a r e  not satisfied, then a t  take-off the normal  
region grows to  infinity. Assuming that both Eqs.  (12) and (28) a r e  satisfied,  
we must have for stability, a s  before: 

F r o m  Eq. (27)  we find: 

dQh > 0 but infinite dc F 

7 
L 

- a 7  t r Qh sinh r c F  
F 

dQh 1 - Qm 

dc F 
- -  

cosh r 6 

-15- 



I It i s  easy to show that the heat input at take-off 

. Using Eq. (27) again to eliminate Qh f rom Eq. ( 2 9 ) :  

I 2 i s  found in the 2nd QPR and given in Eq. ( 1 3 ) .  At take-off, if a 7  is not 

spontaneously 
much l a r g e r  than (curve  #3 - -  Fig. 5) the normal  region will grow 

I i s  l a rge  enough so that Qh 1 T = Qh 1 (6.). A fur ther  

2 - a 7  ) cosh r 5, dQh 1 - 
( Qm d c F  

- -  

2 
0 m + 2 Qm ( 8 ,  - em) - 2 a 7  (eF - 1 )  - a 7 3  sinh r 6 (30 )  

In order  t o  understand the behavior of the conductor, it i s  helpful to 
plot Qh vs  5, a s  in Fig. 5. The heat input a t  the origin when 6 = 0 is  F 

I determined from Eq. (27) to  be: 

2 3 
t 2 Qm (eF - em) - 2 a r  (eF-i)- a 7  

(31) 

> 0 for a l l  5, 2 1 
, - which decreases  for increasing 7 . If Qm > a 7  

d el7 
2 r 

and the operation is stable (curve #1 - Fig. 5 ) .  
modes of behavior: 

If Qm < a r , there  a r e  two 

2 1) a 7  not much l a r g e r  than Q ( s e e  curve #3  - -  Fig. 5) the slope 

~ 

m 

is negative at  6 = 0, but the curve reaches a minima and from then 1 

‘F F 

on the slope is  positive. 

‘hl 

This change in slope must  occur a t  a point where 
> 0 (see Eq. ( 2 9 ) )  

2 )  dQh 1 - < 0 always (curve 4 - -  Fig. 5) 
d 6F I 

2 F r o m  Eq. ( 3 0 )  we see  that the plot may  have minima ( i f  Qm < a 7 ) 
but never  has  a maxima for finite e=. Thus take-off never occurs  in this 
region because take-off occurs  a t  a maxima ( recovery  occurs  a t  a minima).  
We have shown, then, that theconductor may only take-off when in the s ta te  

shown in Fig. 4 c ,  and if a 7 > Qm. Thus,  if Qm > a 7 , the conductor 
voltage v s  heater power is  continuous and reversible  for a l l  values of heat 
input a t  the origin. 

2 2 

= 0) i f  a 7  2 > Qm, where Qh 
*h 1 T’ *h 1 (‘F 

- 16- 



# 3 aT2 "NOT MUCH 
GREATER THAN 

~e 4 aT2 "AN APPRECIABLE 
AMOUNT GREATER 
THAN I' Qm 

II 
Qm 

Fig. 5 A schematic of the behavior of the reduced heat input a t  the 
origin Qn, vs the reduced length 5 ,  at constant a and Qm for  
different 7 
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increase in heat input resul ts  in a controllable voltage increase.  
input i s  reduced, recovery will occur a t  the minima in the Qh 
The situation described above is  called hys t e re s i s ,  and the range of 7 for  
which this occurs i s  called the hys te res i s  region. 

If the heat 
v s  c F  curve.  

2 
Q m < a r  < Q , t r  

If r i s  such that the situation shown by curve 4 - -  Fig .  5 ex is t s ,  o r  
i f  Eq. (12) o r  (28) i s  not sat isf ied,  the wire will "quenchtt (develop an  infinite 
voltage) a t  take-off. 
heat input) f o r  some a and different T i s  shown in Fig. 6. 

A schematic of typical V-Q plots (conductor voltage vs 

goes dQh 1 
The hysteresis  region i s  determined using the fact that  - 

'F 
The slope i s  zero  when ( f rom Eq. (30)) t o  zero  only in this region. 

2 2 3 
t 2 Qm (eF - em) - 2 a r (eF - 1) - a r  (33) 

Te rn  

For  a solution to.Eq. (32) to exist  with C F  > 0 we m u s t  have: 

2 a r  - > Q m  

thus the region of hys te res i s  i s  defined by: 

a t  the onset of voltage ( res i s tance) .  
presented in the 2nd QPR, since a t  the onset of res is tance €lo = 1 - T < 1. 
The voltage per  unit length in the shared state i s :  

This may  be determined using the analysis  

( 3 4 )  PIC ( T  - 1 t e )  
PI 

v = - f = -  
A A 

Since we wish to  find the solution a s  A' - 0 we have to  lowest o rde r  in 
and A' from Eq. (26 )  o r  2nd QPR 

( 3 5 )  8 % Qh ( A 6  - 6 )  + 1 - T 

- 18- 



QUENCH 
I ar2>>1 

I ar2 IN HYSTERESIS 

V 
SAMPLE 
VOLTAGE 

t 

REDUCED HEAT INPUT Qhl 

Fig. 6 Types of V-Q plots expected for  a one dimensional composite 
superconductor a t  constant applied magnetic fields for 
different T ,  

-19- 
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The total voltage a c r o s s  the conductor i s :  

Ax 

V = 2  v d x = 2 x  J A i d  ,E 
0 

Using Eqs.  (34) and (35) ,  Eq. (36) becomes: 

dV 

dQh 1 

At the onset of res is tance Qh = Qh I or (defined in the 2nd QPR Eqs. (31) 

and (32)) and Af, = 0. Thus the slope - dV , obtained from Eq. (37) i s :  
dQh 1 

= o  
Q h l  = Q h l  o r  I 

But, f rom Eq. ( 2 9 )  of the 2nd QPR dAc/dQh 
have : 

i s  finite a t  this  point and we 

Recapitulating the resul ts  for the one dimensional model,  with our 
assumption that em<l - ~ < 1 < 0 ~ ,  we have found the heater  charac te r i s t ics  to be: 

1) the onset of res is tance ( o r  voltage) occurs  at a heat input of 

[ 2(1 - 7 )  - em] m = de Q h l  l o r  
Eq. (31) - -  2nd QPR 

2) the slope - dV 
dQh 1 

a t  the onset i s  zero.  

I causes  a 2 3) If Qm > a T , increasing the heat input f r o m  Qh or 
controllable and reversible  increase in voltage a c r o s s  the conductor. 

-20- 



2 2 3 4) If Qm < a r  < Qm f r 40 m 2 + , 2  Qm (eF-  0 m ) - 2 a r  (eF-1)-  a r  

(hys te res i s  region), 

Increasing the heat input from Q h l  I or  causes  the voltage to increase.  
This increase i s  controllable and reversible up to a heat input of Qh 1 T 
(Eq. ( 1 3 ) )  a t  which point dV 

spontaneously ( l'take-off") to  some finite value. 
reduced temperature  a t  the origin 8 0  < 1, thus a t  the origin the cur ren t  is  
shared .  Jus t a f t e r  take-off 80 > 8F,  thus the region around the origin i s  
completely normal.  

has  become infinite and the voltage increases  

dQh 1 
Jus t  before t a k e f f  the 

If the heat input i s  increased beyond Qh 1 T no other take-off i s  p ro-  
duced, the voltage i s  again controllable and reversible .  If the heat input i s  
decreased f rom Qh 1 T ,  the voltage decreases  continuously until the heat 
reaches  Qh 1 R ,  a t  which point the voltage drops spontaneously ("Recovery") 
to a relatively small  value o r  zero.  

Recovery always occurs  from a state such that 00 > t o  a state 
such that 0 0  < 1 .  
Qh 1 R i s  zero.  

According to this model,  recovery always occurs  before 

2 2 2 3 - em) - 2 a . r  5) If a r  Q, t r + 2 Qm (eF (eF - 1)  - a 7  

increasing the heat input f rom a h 1  or causes  the voltage to  increase control- 
lably and reversibly until the heat input reaches Q 

the slope - dV 

( "quenches"). 

eo < 1 so the cur ren t  i s  shared a t  the 
"precursorI1 (a  controllable voltage) always appears  before the quench. 

At this value of heat input h l  T.  
i s  infinite and the voltage increases  spontaneously to infinity 

dQh 1 
This region i s  called the unstable region. Just  before take-off 

origin. Note, however, that a 

Typical values of the parameters  em, Q,, 0f, and r depend upon 

In a superconducting magnet the range of values of these 
the applied magnetic field and on the preparation and orientation of the con- 
ductor surface.  
pa rame te r s  is approximately: 

. 0 5 < e m < . 4  

. 5  < e f  < 5 

. 0 5  < Q, < . 3  

. 1  t r  < . 3  

The solutions fo r  the cases  0, > 1 - r or  ef < 1 have not been worked 
out. The solutions, however, ought t o  contain the same type of behavior a s  
the case  we have considered. 
change; for example, the size of the hys te res i s  region will be different than 
that obtained if ef < 1 .  

-21- 
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It i s  interesting to note that the constant h analysis presented in the 
1st QPR a l so  predicts the same kinds of behavior a s  that obtained f rom the 
2nd heat t ransfer  character is t ic .  However, numerical  values obtained by 
the constant h analysis a r e  much different than those obtained using the la t te r  
model. 
pertinent experimental quantities. 

It is  shown in the next section that our new model predicts  cor rec t ly  

c 
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IV. EXPERIMENTAL RESULTS REGARDING 
STABILITY CHARACTERISTICS 

A. One Dimensional Stability Characterist ics 

The experimental apparatus was described in Section V of the 2nd 
Figure 9 of the 2nd QPR is reproduced he re  for convenience in dis-  

The figures show the sample voltage V vs  heater  input 
QPR. 
cussion a s  Fig. 7. 
cur ren t  I h a t  a constant sample current.  

The heat input Qhl i s  proportional to  the heater current  squared, 
thus : 

dV dV 1 dV 

At the onset of res is tance (marked with an x on the f igures) ,  we see  - dV - - 0. 
d% 

= 0 a s  predicted. At take-off dV But I is finite, so we have - h Qhl 
Qhl  I o r  

(Fig. 7b, c, d, marked a s  point b)  - dV has  become quite la rge ,  i f  not 
‘hl 

infinite , again a s  predicted. 
is a l so  i l lustrated in Fig. 7b, c. 

The r eve r  sibility of the voltage after take -off 

It should be noted that the behavior shown in  Fig. 7d i s  not predicted 
using the 2nd heat t ransfer  characterist ic.  
the hys te res i s  region, the sample will be fully superconducting when the 
heat input is reduced to zero.  
measured  would be about 100 millivolts. 
voltage observed i s  an order  of magnitude too low. Once t r iggered (by a 
heat input of Qb 
when the heat input is reduced to zero,  I t  does not propagate nor does it 
collapse. This behavior, a s  can be seen f r o m  the data, occurs  near  the 
end of the hys te res i s  region. 
unstable region (where quench occurs at take-off), it does not s e e m  profitable, 
a t  this t ime,  to use a more  detailed heat t ransfer  character is t ic  to fully 
determine this behavior. 

Our model predicts  that, in 

If the ent i re  sample were  normal ,  the voltage 
It is obvious f r o m  Fig .  7d that the 

T) ,  a stable normal region exists at  this conductor current  

Since this  behavior occurs  close to the fully 

Quantitative agreement with the theory is also good, considering the 
uncertainties involved in determining some of the parameters .  
it is seen that h i s  somewhat undetermined. 

F r o m  Fig. 3,  
Also the value of h depends 
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Fig. 7 
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on the orientation and preparation of the sample surface.  

a value of h = 1 

much as a factor of 2. The thermal  conductivity k,  which appears in de- 
termining the reduced length 5 and Qh 1 ,  i s  a function of temperature  and 
copper puri ty .4  
of our sample by extrapolating f r o m  the data given by Purce l l .4  It i s  es t i -  
mated that this could be in e r r o r  by as  much a s  207’0. 
P of the conductor i s  approximately half the total conductor per imeter ,  a s  
can be seen f r o m  the schematic of the experimental  setup (Fig. 8 -2nd QPR). 
It i s  a l so  estimated that . 15 < 
at the given applied field (40 kG). In this particular experiment,  most of the 
heat generated by the heater flows into the sample.  
R i s  4.45 ohms. 

We have chosen 

as  representative - -  this may be in e r r o r  by a s  watt  

cm2-  OK 

We chose a value of k = 40 watts/cm - OK a s  representative 

The cooled per imeter  

< . 2 0  and . 1 < Qm < . 15 ,  for this sample 

The heater res is tance 

Using the above values for h and k,  and choosing em = . 17, a curve 
of heater  power at  the onset of res is tance vs T = I/Ic may be generated 
f r o m  Eqs.  31 and 32 of the 2nd QPR. 
tween this theoretical  curve and the experimental  data. This choice of 
pa rame te r s  (h = 1, k = 40, 8, = . 18) fi ts  the data well. However, with the 
quoted uncertainty in these same parameters ,  the calculated range of 
heater  power at the onset of resistance i s  also shown in  Fig .  8 by broken 
l ines . 

Figure 8 shows the comparison be-  

F r o m  Fig. 7 it i s  obvious that the onset of the hys te res i s  region 
occurs  at about 7 = . 90. 
could be in e r r o r  by a s  much as a factor of 2. 
of the hys te res i s  region is  approximately (within a factor of two) 0. 155. 
This obviously does not agree with a T 2  = 1 at  the beginning of the hysteresis  
region a s  obtained by the constant h solution in the 1st  QPR. 
constant h model predicts that for this a there  i s  no hysteresis .  This agrees  
quite well, however, with a T~ = Q,, where Qm is in the range quoted p r e -  
viously in this report .  

The calculated a for  this s a m p l 3 i s  . 175, which 
Thus,  a T a t  the beginning 

In fact, the 

It s eems  that the one-dimensional theory is quite complete. However, 
fur ther  experimental  work should be undertaken to determine more  precisely 
the numerical  values of the parameters  h,  k, em, Qm. Work has been s tar ted 
on the effect of the helium bath temperature  and p res su re  on the heat t r ans -  
f e r  propert ies  of the liquid helium (see Section IV-B). 

B. Stability Character is t ics  of a Large Coil 

A superconducting coil has  been designed, built and tested. :: 
pertinent coil data is summarized in the following table. 

The 

:: The design and construction of the coil was performed under a program 
for  NASA-Lewis under contract NAS 3-9684. 
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T (REDUCED CURRENT) 

Fig.  8 Heater power at the onset of res i s tance  vs reduced sample 
current  7 
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COIL DATA 

Winding i .d .  6. 030" 

Winding 0. d. 8. 780" 

Winding Length 4. 00" 

Gauss per  amp at  Center 

Length of Conductor 1136' 

34.3 

46 Maximum Gauss per  amp at Wire 

Coil Inductance . 052  henries  

The conductor is stabilized Niobium-Titanium. There a r e  fifteen 
. 0 1 0 "  NbTi cores  in  a copper matrix . 0 8 6 "  square.  
this mater ia l  i s  shown in Fig. 9. Figure 10  shows the magnet while being 
wound. 
turn is  separated by . 006" with intermittent insulation to allow the helium 
between turns .  
s t r i p s  which a r e  spaced to allow the f r ee  flow of helium (these a r e  clearly 
visible in Fig.  10).  

The H-I curve for  

The details of the helium cooling passages can also be seen. Each 

Each layer  (15 layers  total)  i s  separated by .015" insulating 

The coil is instrumented with four spot hea te rs  at different places 
Only two were  used extensively; the field a t  these hea ters  a s  in the coil. 

a function of magnet current  is  shown in Fig .  9. 
ac ross  each of the 15 layers  in the coil. 

Voltage taps were  placed 

The procedure for testing was the same as  that used for the small 
wire  samples previously discussed. 
then the heater  cur ren t  was increased f r o m  ze ro  and the voltage ac ross  
the heated section was measured. 

The magnet cur ren t  was held constant; 

The data was taken on an X - Y  recorder .  

Typical heater  plots using heater #2 a t  various cur ren ts  are shown 

At low magnet cur ren ts  
in Fig. 11. F o r  magnet currents  below 570 amperes ,  the coil develops a 
revers ible  voltage a s  the heat input is increased. 
i t  i s  obvious that 

impossible to determine the initial slope because of the noise. 
is  the beginning of the hysteresis  region. 
before take-off can not be seen because of the noise level. 
voltage at  take-off VT (calculated f rom analysis in  2nd QPR at a magnet 
cur ren t  of 600 amperes  is 0.40 t 0. 10 millivolts, which i s  l e s s  than the 
noise level present.  Note also 1'; Fig. 11-d that a stable normal  region 
exis ts ,  once t r iggered,  when the heat input i s  reduced to zero  a t  a magnet 
cur ren t  of 660  amperes .  This same effect  has  been discussed previously. 

570 amperes  
The initial voltage developed 

The calculated 
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A 8 7 2 2  

Fig. 10 A view of the magnet being wound 
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HEATER CURRENT 

Fig. 11 Typical heater  charac te r i s t ics  for  the 
(Htr. #2) 

a) At a magnet cur ren t  of 200 amperes  
b) At a magnet cur ren t  of 500 amperes  
c )  At a magnet cur ren t  of 640  amperes  
d) At a magnet cur ren t  of 660  amperes  
e )  At a magnet cur ren t  of 800 amperes  

( a )  

(b )  

( C )  

(d 1 

( 0 )  

coil shown in Fig. 10 
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The calculated value of a for the conductor near  heater  #2 at  a 
magnet current  of 570 amperes  is 1. 16. 
somewhat uncertain,  this value of a may be in e r r o r  by a factor of 2. At the 
onset of hys te res i s ,  then, a T 2  = . 094, which agrees  well with the estimated 
value of Qm % . 10.  

Again, because the value of h i s  

The heat input at take-off (for cur ren ts  above 570A) a s  a function of 
In comparing the experimental  values magnet current  i s  shown in F i g .  12. 

to those obtained f r o m  Eq. 13 ,  i t  must be remembered  that Qm, 8, and 
a a r e  a function of the magnetic field and thus the magnet current.  
to the construction of the hea ters ,  not a l l  the heat generated goes into the 
wi re ,  but some i s  lost directly to the helium. 
of the heat input a t  take-off, with the given uncertainties in the parameters ,  
h,  em, Q,, a r e  also shown in F i g ,  12. The value of k was measured for 
this conductor to be 2 0  watts/cm-OK within 10% (the method of measurement  
is discussed in Appendix 1). 

Also due 

The theoretical  es t imates  

Again the agreement is good. 

So far ,  the effects discussed have been one dimensional. Two and 
three dimensional effects began to appear when large amounts of power 
were  being dissipated by the heater and the normal  region (about 5 watts) .  
A typical example of a V-Q plot showing 2 dimensional effects is shown in 
Fig. 13. This plot was taken at a magnet current  of 550 amperes ,  below 
the one dimensional hys te res i s  region. 
zero ,  a controllable voltage begins to appear at  a heater  current  of 
Ih = . 33 ampere.  This voltage remains controllable until a heater  current  
of Ih = . 53  ampere;  at  this t ime a jump in coil voltage occurs.  
power dissipated is the heater power plus the power into the magnet - -  6.7 
watts.  This discontinuous r i s e  occurs when the normal  spot jumps into 
the next turn in the same layer  of the magnet. Another jump occurs  soon 
thereaf ter .  These a r e  two dimensional effects.  The adjacent layers  in 
the magnet did not develop a voltage even though the maximum power d is -  
sipated was 14. 5 watts (after the 2nd jump). 
cur ren t ,  both adjacent turns  recovered at the same time. When the heater 
cur ren t  was increased to  Ih = .65 ampere (not shown in Fig. 13), a voltage 
began to appear ac ross  the inner adjacent layer  and the magnet quenched. 
This behavior was typical of a quench; the normal  region propagated to an 
adjacent layer just  before quench. Then the normal  region t ransfered to an 
adjacent layer ;  the helium passages became vapor bound causing the quench 
to occur.  
plot a t  this magnet current  should be completely continuous and reversible ,  
hys te res i s  and quench can be caused to occur i f  the heat inputs a r e  la rge  
enough, but these effects a r e  two and three  dimensional. 
design of helium cooling passages,  one dimensional effects always occurred 
before two o r  three dimensional effects. 

As the heat input i s  increased f r o m  

The total  

Upon reducing the heater  

Even though the one dimensional theory predicts  that the V-Q 

F o r  this particular 

Another interesting phenomina (was  observed with this coil; the 
quench current  (with zero  heater  power) depended upon the charge rate .  
This coil did not develop a controllable voltage after the cr i t ical  cur ren t  
was  reached even a t  slow charge rates  because the coil was not s t r ic t ly  
stable (a= 1 for the innermost turns  a t  cr i t ical  current!. Figure 14 shows 
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Fig. 13 A heater  plot showing typical two dimensional behavior at a 
magnet cur ren t  of 550 a m p e r e s  
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F i g .  14 Quench cur ren t  vs charge ra te  for the coil 
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the quench cur ren t  vs charge rate .  
c r i t i ca l  cur ren t  was always reached. 
charge because of the AC resistance of the superconductor and eddy current  
l o s ses  in the copper. 
to boil - -  and a t  the highest ra te  (50 A/sec) the boiling was so  vigorous that 
the coil could not be seen through all the bubbles. Below a magnet cur ren t  
of 600  A, the coil could not be quenched even at  a charge r a t e  of 100 A/sec 
(maximum ra te  available f r o m  the current supply used. ) 

At low charge r a t e s ,  the short  sample 
Heating occurs  in the coil during the 

In fact  at  any charge r a t e ,  the helium could be seen 

C.  Effect of P r e s s u r e  and Temperature  of the Helium Bath on the 
Stability of the Coil 

The dewar used for  the previous experiment on the coil could be 
pressur ized  to  30 lbs/sq in,  o r  i t  could be pumped in with a large vacuum 
pump to reduce the bath temperature.  
under p re s su re  and a t  temperatures  below 4. 2 E(. 

Exper ipen t s  were  completed both 

The eas ies t  way to present  the effects of p re s su re  on the stability 
of the coil is to choose a magnet current in the hysteresis  region at a t -  
mospheric  p re s su re ;  then, holding this current  constant, V - Q  plots a r e  
taken a t  different pressures .  Since the pressurizat ion of the dewar i s  
an adiabatic process ,  the temperature of the liquid (when below the cr i t ical  
p r e s s u r e )  remains constant. Above the cr i t ical  p re s su re ,  there  i s  a slight 
increase  in temperature  ( X  0. 1'K) because the entropy of the helium must  
remain  constant. Thus we assume that the temperature  of the helium r e -  
mains  4. Z°K at any p r e s s u r e  above atmospheric.  
hys te res i s  loop becomes l a rge r  at  a constant magnet current  the stability 
i s  becoming worse ;  i f  i t  becomes smaller ,  the stability i s  getting better.  
As mentioned previously, these effects, a t  low heater powers,  a r e  one 
dimensional only. A typical example of the resu l t s  i s  shown in Fig .  15, 
where the heater  current  at  take-off and the heater  current  a t  recovery 
a r e  plotted vs the dewar p re s su re  (in pounds p re s su re  gauge). 
p r e s s u r e  of Helium is 18. 5 lbs/sq in. As can be seen,  the stability of the 
coil decreases  until the cri t ical  p ressure  is  reached. Beyond the cr i t ical  
p re s su re ,  the coil is about a s  stable a s  at atmospheric p re s su re ,  and the 
stability s eems  to be independent of the p re s su re .  

If under p re s su re  the 

The cr i t ical  

Above the cr i t ical  p re s su re  boiling does not occur ,  convection and 
conduction a r e  the only mechanisms by which cooling can occur. The heat 
t ransfer  propert ies  of the helium are  now better approximated by the con- 
stant h character is t ic  presented in the 1st  QPR. However, the value of h 
is much smal le r  than at  atmospheric p re s su re .  
beginning of the hysteresis  region is given by a T 2  = 1 above the cr i t ical  
p r e s s u r e  (1st QPR),  the value of a has increased because a is  proportional 
to l/h. The net effect ,  a s  can be seen f r o m  Fig. 15 ,  i s  that there  is  no 
increase  in stability a t  p re s su res  greater than the cr i t ical  p ressure .  

Thus, even though the 

The temperature  of the liquid helium is easily reduced by pumping 
The testing on the helium gas above the liquid with a large vacuum pump. 

procedure was the same as  that used for  the p r e s s u r e  tes ts .  A magnet 
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cur ren t  of 600 A was used and V - Q  plots were  taken a t  different temperatures .  
The temperature  of the liquid was determined by using a calibrated carbon 
thermometer  and also by observing directly the p re s su re  of the helium gas 
in the dewar. 

It should be remembered  that reducing the bath temperature  in -  
c r e a s e s  the cr i t ical  current.  
with a constant applied magnetic field H is well approximated by: 

The cr i t ical  current  a t  the bath temperature  

where  Io (H) = Critical  current  at the applied field at ze ro  degrees  

T (H) = Critical  temperature at the applied field and ze ro  current  

Also the parameters  h, e,, Q, a re  expected to be a function of the bath 
temperature  T g  Q, was defined in the 2nd QPR to be: 

C 

where  q 

Using Eq. 39 and the definition of a (1st QPR), a T 2  as  a function of 
temperature  at  a magnet current  I is:  

= cr i t ical  heat flux per  unit a r e a  when 8 m m < 8 < O F .  

2 p I2 a r  = 

0 p is independent of temperature  below about 10  K f o r  our conductor. 
beginning of the hysteresis  region i s  given by Eq. 3 3 :  

The 

- P I  2 = Pq, 
2 o r  a r  = Q  

A m 

Some experimental measurements  of qm a s  a function of tempera ture  have 
been reported by Lyon. 6 
c reases  with decreasing temperature until the X point is reached. 
the X point qm becomes much larger  than that at  4 . 2 O .  

He finds that below 4.2OK the value of qm de- 
Below 
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The results of the experiments at reduced tempera tures  at a con- 
stant magnet current  ( I = 600 amperes)  a r e  summarized in F ig .  16. 
this figure the heater current  at take-off and recovery i s  shown at  different 
helium temperatures .  
a s  the temperature  is reduced until the X point i s  reached. 
with Lyon's observations that qm decreases  a s  the temperature  is de-  
creased.  However, below the X point, the operation a t  600 A is no longer 
hysteret ic .  Again, this agrees  with Lyon's observation that qm increases  
rapidly below the X point. 
with that taken at  T = 2OK (below X point, TX = 2. 18OK) in Fig. 17. 

In 

It is obvious that the stability decreases  slightly 
This ag rees  

The V-Q plot taken a t  T = 2. 96OK i s  shown along 

Further  reduction in  temperature  could not be obtained with this 
experimental  setup, because the vacuum pump did not have the capacity. 
Also a t  2OK the magnet current  could not be increased  above 600 A (to 
determine the onset of hys te res i s )  because the cur ren t  leads became too 
hot. 
and fur ther  experimental work in this a r ea  is  now being planned. 

It appears that there  is  a gain in stability by operating below the X point 
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V. E F F E C T  OF A GRADUAL RESISTANCE RISE IN THE 
SUPERCONDUCTOR AT CURRENTS GREATER THAN THE 

CRITICAL CURRENT 

The previous analysis assumed that the superconductor current  

The resist ivity of the superconductor a t  constant applied 
i s  jus t  the cr i t ical  current  of the superconductor a t  the composite conductor 
tempera ture .  
magnetic field and temperature  is then a function of superconductor current  
a s  shown in Fig. 18-A. F o r  currents  below the cr i t ical  current ,  the 
resis t ivi ty  is ze ro ,  at  the cr i t ical  current  the resist ivity r i s e s  with an infinite 
slope. Recent experimental  evidence2 indicates that the resist ivity increases  
approximatelylinearallywith current  above the cr i t ical  current  a s  shown in 
F ig .  18-B. 
of a composite conductor with this new superconductor characterist ic.  

We shall  now derive the ze ro  dimensional terminal  character is t ics  

The superconductor resist ivity a t  cur ren ts  above the ciri t ical  current  
a t  the applied magnetic field and composite temperature  is  given by 

P S  
k (I' - Is) 

S 

where I' = actual superconductor current  
S 

= superconductor cr i t ical  cur ren t  a t  the composite 
temperature  and applied magnetic field IS  

k = slope of resist ivity increase- to  be experimentally 
de t e rmine d 

p = superconductor res is t ivi ty  

It is expected that a s  k - 00, the previous resu l t s  will be reproduced. 

The voltage per  unit length must  be the same in the superconductor 
and substrate  since they a r e  in parallel ,  thus:  

k [ ( l - f ) I - I  3 =f- l-f f 
S 

S 
A 

( 4 3 )  
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A. ASSUMED RESISTIVITY OF THE SUPERCONDUCTOR 
vs THE SUPERCONDUCTOR CURRENT Is. P S  

A 

P S  
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where  

As = cross-sect ional  a r ea  of superconductor 

A = cross-sectional a r ea  of a substrate  

I = total composite current 

p = resist ivity of substrate 

f = fraction of current  in  the substrate 

We assume that the variation of the superconductor cr i t ical  current  
I, with temperature  can be approximated by a l inear  relationship a s  before  
(Eq.(l)--  1st QPR): 

I = I  ( 1 -  S - T b )  

Tb s c  
C 

(44) 

The heat produced in the sample due to joule losses  must  be t ransfer red  t o  
the helium bath. If we assume a constant heat t ransfer  coefficient h for  
the helium we have: 

2 - I A f = h P  (T, - TB) 

where  the parameters  h ,  p have been defined in the 1st QPR . When 
Eqs.  (41) and (42) a r e  substituted into Eq. (40), Eq. (40) becomes: 

a f t (1-f) 7 - (1 t y f  - ) = o  1 -f 

where a, T have been defined previously in the 1st QPR and 

p *s 
= k A I  

C 

To determine the effect of the gradual r i s e  in superconductor 
res i s tance ,  we determine the rate  of voltage increase with current  at 
7 = 1 and f = 0. 

(45) 

(47 1 
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When the voltage f i r s t  appears ,  the cur ren t  is just  beginning to  
exceed the cri t ical  current ,  and the superconductor res i s tance  is "small". 
At this point, then, the effect of the gradual r i s e  in res i s tance  is most  
pronounced. W e  have : 

where v is the voltage per  unit length. F r o m  our ea r l i e r  model we 
would have obtained? : 

Unless y i s  comparable to unity the effect of a gradual res is tance increase  
with current  above the short  sample current  carrying capacity can be ne- 
glected, and the resu l t s  using the fo rmer  model a r e  sufficient for calculating 
purpose s .  

An experiment was ca r r i ed  out in order  to es t imate  the value of y .  
A shor t  sample of composite superconductor was placed in a uniform 
magnetic field so that the current  flow was perpendicular to the field. 
sample had a large amount of copper substrate  on it so that the value of a 
could be made small. 
obtained on an X-Y r eco rde r  a t  applied magnetic fields up to 50 kG and the 

init ial  slope ( - ) 

The 

The sample voltage -cur ren t  character is t ic  was 

dv 
d I  at  the onset of voltage was measured. 

The value of the p for  the copper is obtained by using the fact that  p 
is independent of temperature  below about 10°K5. 
in a calorimeter and the sample temperature  was increased above the 
transit ion temperature  of the Nb-Ti (T e 9.4OK). 
composite was then measured. 
glected because it is very large in the normal  state. 

The sample was placed 

The resis tance of the 
The registance of the Nb-Ti could be ne-  

The value of y could only be given an upper l imit  because of the la rge  
uncertainity i n  the value of a. We found f r o m  the above measurements  that: 
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The value of y could be increased by either increasing As or  
decreasing A. However, this would only increase the value of a a t  least  
a s  fas t  a s  y increases .  Also, i f  a "reasonable" degree of stability is  
des i red ,  then the c ros s  sectional a r e a  of the copper will be the same order  
of magnitude as  the superconductor c ros s  section. Thus y will be small  
compared to unity for  most  composite superconductors, and the effect of 
the gradual increase  in resistance can be neglected. We expect that our 
fo rmer  model of the superconductor will predict  cor rec t  resu l t s ,  because 
it is  a close approximation to the observed character is t ics .  Indeed, we 
see  f r o m  Section IV that the experimental resu l t s  agree  well with those 
predicted by our previous model. 
f o r m e r  model of the superconductor. 

We will in the future continue to use our 
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V I .  DISCUSSION 

I n  the last three  quarters  much t ime has  been spent developing 
stability c r i t e r i a  for  composite conductors. The method has  always 
been to  consider the effect of a n  external disturbance, a steady s ta te  
heat  input. 
in  a magnet, one dimensional effects determine the onset of res is tance.  
Also, except a t  l a rge  power dissipations, one dimensional effects 
determine the stability cri terion. That is ,  at l a rge  magnet cur ren ts  
(above 550 A in our  experiment) ,  take-off occurs  f r o m  one dimensional 
effects . 

We have shown experimentally that, i f  the cooling is good 

I t  is obvious f r o m  the experiment on the l a rge  coil that a magnet 
can operate  in  a region that is "unstable. I t  We have defined "complete 

I f  the magnet cu r ren t  is such stability" by the condition that a T 
that a T 2  > Qm at any point in  the coil, then this part of the coil is in  
the hys te res i s  o r  unstable region. 
determined that the end of the "stable" region was a t  a magnet cur ren t  
of 570 amperes .  At cur ren ts  above 570 amperes  the magnet was in  
the unstable region. Yet, the magnet could be charged to  the shor t  
sample character is t ic  (at low charging rates) .  
is  that the natural  disturbances present  in  the magnet (flux jumps)  a re  
not as la rge  as the external  disturbance (heat input) that causes  
instability ( Q  

< Qm. 

Using the V-Q plots, it was 

2 

The obvious conclusion 

h 1 TI '  

The "amount of stability" needed in  a par t icular  magnet i s  
determined by severa l  factors:  
(flux jumps) ,  the magnitude of external disturbances such as vibration 
o r  heat inputs, and the par t icular  use of the magnet. If a magnet is  to  
be used to  generate a steady s ta te  magnetic field, and the re  a r e  no 
external disturbances,  and an  accidental quench (say  by exceeding the 
design cur ren t )  will not h a r m  the magnet, then stability against  flux 
jumps is all that is  needed. W e  will cal l  this stability "transient 
stability". If, however, the magnet is to be used on a t ransient  basis  
( say  to  discharge into a load in  a short  time), the coil  must be completely 
stable. ( A  l a rge  coil fo r  such a purpose has  been designed, built and 

of magnets for  which stability between these two limits is needed, It 
is  obvious that "transient stability" is a less rigid stability c r i t e r i a  than 
"complete stability". 

the magnitude of the internal disturbances 

successfully operated by Avco) 8 . There a r e  a var ie ty  of applications 

Work is  going to  be continued to  determine the effects of 
operation below the X point, in particular the extension of the complete 
stability region. 
stability" a r e  a lso expected to be s tar ted next quarter.  

Theoretical  and experimental studies of "transient 
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APPENDIX I 

The average value of the thermal  conductivity of annealed 
OFHC copper (99 .99% pure)  has been measured. 
measurement  is to  i m m e r s e  one end of the sample in liquid helium, 
heat the other end and measure the temperature  a t  the heated end. 
A schematic of the experimental setup is  shown in Fig. A-1. The 
sample was the previously described Avco stabilized composite conductor 
.086” square.  
o r d e r s  of magnitude l a r g e r  than the Nb-Ti s o  the thermal  conduction i s  
due completely to the copper. 
used to measure  the temperature .  
with mylar  tape down to the liquid helium level, so  that the heat flow is  
one dimensional. 

The method of 

The copper mat r ix  has  a t he rma l  conductivity severa l  

A calibrated carbon thermometer  i s  
The ent i re  sample i s  insulated 

The average thermal  conductivity k i s  determined f rom the 
following equation: 

where q = heat input f rom heater  

L = distance f rom heater  to  the liquid 
helium bath 

A T  = Temperature of conductor a t  the hea ter  
minus the bath temperature  (4. 2OK) 

A = c ross  sectional a r e a  of the copper 

-2 2 F o r  this sample L = 10 cm, A = 3 .5  x 10 c m  . The value of k 
obtained i s  (perhaps 1070) in e r r o r ,  because the temperaoture of the 
conductor a t  the helium level is  slightly higher than 4. 2 K when the 
heater  is on. The thermal  conductivity of pure copper r i s e s  as the 
temperature  is increased up to 15’K. 
thermal  conductivity will r i s e  with AT (up to  A T  = 1O0K). The 
measured value of k (average thermal  conductivity) vs.  A T is shown 
in Fig. A-2. 

Thus we expect that the average 

The value of k = 20 watts was chosen for  the calculation of 
c m  - O K  

qT for  the coil discussed in  par t  IV-B because the A T  was small .  
values of k agree  well with the extrapolated values obtained f r o m  the 
data by Purcel l .  

These 
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Fig. A-1 Experimental  setup to determine the average the rma l  con- 
ductivity of copper 

-50-  



> 
I- 
> - 
i= 

w 
t3 

w 
a a 
z 

I I I 

2 4 6 8 

A T  ( O K )  

Fig. A-2 Measured average thermal  conductivity vs  AT 
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ERRATA 

In the 1st  QPR Eq. (20 )  should be replaced by: 

(a  - ai) 2 a a t a (a  t ai)& i i 
2 

R ( a  t ai) 

a a  > 1  
a B U T  IF 
i 

- independent 'R -r 
then 

i of a 

Equation (21)  of the 1 st QPR should be replaced by 

; IF - 
a fR - 
i 

> 1 , f R = l  a - V  a 

i a B U T  IF 

Consequently Fig. 2 of the 1s t  QPR should be replaced by Fig. E-1 shown 

since here .  Note that, above the line given by a -c = L V R -  - TR 
a f R =  1. i 
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Fig. E-1 Recovery cur ren t  7, and recovery voltage V, as a function 
of a and a i 
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